The Landsat Data Continuity Mission (LDCM) continues Landsat data into a fourth decade with a two-sensor platform that includes the Thermal Infrared Sensor (TIRS). TIRS will operate in pushbroom mode with two spectral bands (10.8 and 12 micrometer) and a required spatial resolution of 120-m and 185-km swath. The radiometric assessment of TIRS relies on NIST-traceability of the radiometric calibration, knowledge of out-of-band spectral response, and characterizing and minimizing stray light. Calibration testing will take place at NASA GSFC using a vacuumcompatible system that is capable of filling the entrance aperture of TIRS while permitting evaluation of the entire field of view. Spectral response of the sensor will be determined using a monochromator source external to the test chamber. The error budget for the calibration system shows that the required 2% radiometric accuracy for scene temperatures between 260 and 330 K is well within the capabilities of the system.
INTRODUCTION
The Landsat series of satellites provides the longest running continuous data set of moderate-spatial-resolution imagery beginning with the launch of Landsat 1 in 1972 and continuing with the1999 launch of Landsat 7 and current operation of Landsats 5 and 7 [1] . The Landsat Data Continuity Mission (LDCM) will continue this program into a fourth decade providing data that are key to understanding changes in land-use changes and resource management. LDCM consists of a two-sensor platform comprised of the Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) with OLI operating in concert with, but independent from, TIRS. Both the OLI and TIRS rely on a pushbroom approach with roughly 185-km swaths with OLI covering the reflective portion of the spectrum and TIRS the thermal emissive.
A large part of the success of the Landsat program is attributed to the emphasis placed on knowledge of the calibration of the sensors, both geometric and radiometric. The radiometric assessment of the sensors has relied on a combination of prelaunch and post-launch efforts using laboratory, on-board, and vicarious calibration methods. LDCM continues the emphasis on calibration, with rigorous attention to NIST-traceability of the radiometric calibration, knowledge of out-of-band spectral response, and characterizing and minimizing stray light to provide a sensor that meets the quality of Landsat heritage.
Described here are the methods and facilities planned for the calibration of TIRS. The following section gives further information on the TIRS sensor followed by an overview of the calibration methodology. A description of the testing facilities at NASA GSFC being used for TIRS is given along with a preliminary error budget for the absolute radiometric calibration which shows that the required 2% radiometric accuracy for scene temperatures between 260 and 330 K is well within the capabilities of the system.
TIRS DESCRIPTION
The earliest versions of the Landsat platforms did not include spectral coverage at wavelengths in the thermal infrared (TIR) (8-12 micrometers). Landsat-3 marked the first attempt at including TIR data but that band operated for only a short period of time after launch. Subsequent Landsat platforms (Landsats 4-7) included a single TIR band as part of the Thematic Mapper (TM) on Landsats 4 and 5, Enhanced Thematic Mapper (ETM) on Landsat 6 which failed to achieve orbit, and Enhanced Thematic Mapper Plus (ETM+) on Landsat 7. Landsat TIR data are currently used operationally to monitor water consumption on a field-byfield basis in the western states of the United States of America and internationally. Other applications of Landsat TIR data include examination of urban heat islands, mapping sensible heat flux, volcanic surveillance, and monitoring fire-induced vegetation depletion through burnt area mapping [4] .
A departure from past Landsat missions is that TIRS will operate in concert with, but independent from OLI as opposed to the TM, ETM, and ETM+ cases where the thermal band was part of the same sensor using the same entrance optics as the shorter-wavelength bands. Past Landsat thermal sensors relied on a whiskbroom scanning approach to achieve the relatively large swath of 185 km. Both the OLI and TIRS sensors are moving to a pushbroom approach leading to decreased size while still improving signal-to-noise ratio from past sensors.
The TIRS sensor is being built in-house at the NASA Goddard Space Flight Center. The Focal Plane Array (FPA) for the pushbroom system is based on quantum well infrared photodetectors (QWIPs). The FPA will be cryo-cooled to a stable temperature with an optical assembly that is passively cooled. A scene-select mirror rotates around the optical axis on a 45-degree plane to provide the telescope with a view to nadir (earth), space (cold calibration "target"), and on-board blackbody (hot calibration target). [4] A key component for the TIRS sensor is the onboard calibrator. The calibrator will be a curved-plate blackbody. The surface of the plate is machined with V-grooves to improve the overall emissivity of the plate. The design and coating will be very similar to that used for the Moderate Resolution Imaging Spectroradiometer (MODIS) to give high emissivity and controllable temperature. The output from the blackbody will be NIST traceable and capable of providing sources of varying temperature.
The final key difference between LDCM TIRS and Landsat thermal-band data is that TIRS will operate with two spectral bands (10.8 and 12 micrometer) as opposed to the current single band TIRS. The spectral selection is achieved through interference filters that are thermally connected to the focal plane and operate at somewhat higher temperature than the FPA. Transmission characteristics are tailored for each band. Very good out of band rejection is required to perform precise spectral radiometry and the inband transmission must be high enough to meet the detector sensitivity goals.
In addition, filter placement must accommodate a 2.5 second simultaneity requirement between 10.8 and 12 um measurements and all data must be collected within 170 rows of detector pixels.
The swath of TIRS is similar to the 185-km swath of previous Landsat sensors and the spatial resolution is required to be the same as the 120-m resolution of TM. The resulting data set from TIRS and OLI will be radiometrically-calibrated, geo-located image data. Data products from TIRS and OLI will be processed and merged into a single data product by the United States Geological Survey (USGS)/Earth Resources Observation and Science (EROS) facility.
CALIBRATION OVERVIEW
A large part of the success of the Landsat program is attributed to the emphasis placed on knowledge of the calibration of the sensors, both geometric and radiometric [2, 3] . The radiometric assessment of the sensors has relied on a combination of prelaunch and post-launch efforts using laboratory, on-board, and vicarious calibration methods (where vicarious calibration refers to any method not relying on on-board calibrators). The radiometric calibration of these systems helps characterize the sensors allowing the full Landsat data set to be used in a quantitative sense for such applications as land-use and land-cover change.
LDCM will continue the emphasis on calibration, both for OLI and TIRS. Rigorous attention to NIST-traceability of the radiometric calibration, knowledge of out-of-band spectral response, characterizing and minimizing stray light effects is necessary to provide a sensor that meets the quality of Landsat heritage.
TIRS performance will be evaluated at the component, subsystem and system level. All acceptance testing and calibration will be done at GSFC including verification of vendor-level testing. Instrument-level requirements play a strong role in definition of the calibration test equipment used for the radiometric and spatial calibration in the thermal/vacuum chamber.
All radiometric acceptance testing and calibration employs NIST-traceable standards. Figure 1 shows a block diagram overview of how National Institute of Standards and Technology) NIST standards enter the calibration path of TIRS. The NIST standards are used to calibrate the laboratory blackbody source to a well-understood accuracy. The calibration of the laboratory blackbody is transferred to the TIRS sensor which in turn transfers the NIST standard to the on-board blackbody.
As can be seen in the figure, the use of NIST standards and facilities occurs only in the calibration of the laboratory cavity blackbody that is part of the calibration system. The TIRS radiometric response is determined via the prelaunch characterization relative to the calibration system's blackbody. This approach provides the highest accuracy calibration. The calibration philosophy is then to evaluate (or validate) the calibration parameters once TIRS is on orbit. If the calibration of the sensor is demonstrated to change significantly in going to orbit or while on orbit, then the on-board blackbody (OBB) will be used as the primary pathway to NIST traceability. In order for the onboard blackbody calibrator (OBC) to be a viable calibration source it must also be calibrated in the prelaunch phase.
The basic approach is shown schematically in Figure 2 and effectively uses the TIRS sensor as a transfer radiometer to transfer the calibration of the laboratory blackbody to the onboard. Data from TIRS while viewing the laboratory blackbody gives a digital number (DN) output for that source (Lab. BB DN). Combining this output with that from an appropriately cold source (Low temp. DN) gives the information needed to determine the radiometric calibration of TIRS. The sceneselect mirror is rotated to permit a view of the OBC leading to an OBC BB DN. Conversion of the DN to radiance gives an OBC-leaving radiance which, when coupled with the temperature readout of the OBB permits determination of an effective emissivity for the OBB.
TIRS CALIBRATION SYSTEM
The calibration testing of the TIRS will take place at Goddard Thermal/Vacuum Testing Facility. The calibration system described here has been acquired specifically for the geometric, radiometric, spatial, and spectral testing of TIRS. The basis of the calibration system is a variable temperature, blackbody source with variable aperture. A flood source, monochromator source, and cold background source are also included in the facility. Additional optical elements couple the monochromator to the collimating optics of the blackbody. Aperture, filter, and chopper wheels further condition the beam to provide the beam shape, magnitude, and frequency needed to test TIRS in a proper fashion. All pieces of the calibration equipment except the monochromator will be placed inside the chamber on a single LN 2 vibration isolated bench and enclosed within a cooled envelope to avoid scattering. The blackbody source will have documented calibration traceable to the NIST.
The TIRS calibration facility will also be equipped with a data acquisition system to control the calibration equipment temperature, to monitor the instrument health status, and to store the facility data from the test for further processing. The facility is equipped with state-of-the-art computer network capabilities. Connections for Ethernet with access to the internet and point-to-point fiber optics are available.
The NIST-traceable blackbody source within the calibration system is combined with a wheel containing 16 apertures of varying sizes and shapes and a second wheel containing 9 transmissive filters to simulate spatial and radiometric sources. The blackbody is a conical design that will be calibrated at NIST and provides the full range of testing temperatures. An off-axis parabola (OAP) collimator coupled to a two-axis steering mirror allows the source to be placed anywhere in the TIRS field of view (FOV). Figure 2 shows schematically the basic design of the system with the beam from the blackbody traveling to a fold mirror onto an OAP and reflected towards the steering mirror that directs the beam towards TIRS.
The collimator is built of reflective optics with coatings designed for operation over the wavelength range of 0.5 -20 microns. The final optical surface has an average reflectance of greater than or equal to 98% over the waveband of 1.0 -16.0 microns. The finished mirror optical surface shows no mottled effect and is free from chips or prominent scratches consistent with precision optical finishing. The mirror's coated optical surface is not adversely affected by normal atmospheric conditions and humidity and is sufficiently durable to withstand multiple cleanings. The collimator is equipped with temperature sensors attached to the back of the collimator mirror mount and the fold mirror.
The maximum size of the source available through the 16-apertures is much smaller than the full field, thus a second source is included in the calibration system to provide a source that fills the full field without requiring movement of beam. The flood source provides a means for evaluating detector-to-detector response effects as well as providing a large-sized source to evaluate out-of-field spatial response.
Spectral response of the sensor will be determined using a monochromator source external to the vacuum chamber but coupled to the OAP through a zinc-selenide (ZnSe) window on the chamber and coupled to optics within the calibration system. The coupling optics are of similar design and quality as the collimator used with the 16-aperture blackbody, but of smaller size.
ERROR BUDGET
The expected uncertainty of the collimated beam exiting the calibration system is due to two primary factors: 1) uncertainty in the cavity blackbody output and 2) uncertainty in the optical path along the collimator optics. The overall goal is to characterize the calibration source to much better than 2% so as to allow the transfer calibration to the TIRS OBB. Figure 3 illustrates the dominant sources of uncertainty expected for the calibration system output. Many of the terms are currently best estimates with the estimates being conservatively high.
As can be seen in the schematic, the light from the conical blackbody is redirected by a total of three mirrors (two for the collimation and the third to steer the beam across the field of view of TIRS). The reflectance of each of these mirrors is being assessed by the mirror providers, but measurement of their reflectance is difficult once installed in the calibration system. Stray light is also shown as a large uncertainty because, while it is possible to assess the stray light characteristics of the calibration system with TIRS, an independent radiometer is needed to determine the stray light accurately. The blackbody source itself also has uncertainties estimated near 1%.
One of the first efforts to take place after completion of the calibration system and prior to the start of the calibration of the flight instrument is to assess quantitatively the values for the boxes in both figures. The blackbody source uncertainty will be better understood once completion of the NIST-based calibration takes place. Evaluation of mirror witness samples should permit the reflectance uncertainties to be determined. Of course, the ideal situation would be to have independent measurements of the radiance leaving the calibration system and compare those with the predicted values. Efforts are underway to determine the feasibility of this approach from a schedule standpoint. 
CONCLUSIONS
The accurate calibration and characterization of TIRS is critical to the successful inclusion of data from this instrument into the long-term data stream of Landsat. The calibration system and methodology described here are the first steps in providing a well-understood and accurate sensor.
The preliminary error budget given for the calibration system shows that the required 2% radiometric accuracy for scene temperatures between 260 and 330 K is readily achievable. 
